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Physical causes and
consequences

Key points
1. The propensity for a landslide to occur is largely determined by potential slip planes, or weakness planes in the geological substrate, where
the driving forces exceed resisting forces.
2. Landslide occurrence across the landscape is often unpredictable; substrates can be resistant to slippage for centuries and then suddenly
experience instability that may result from human or non-human
changes that disrupt the balance between driving and resisting forces
at a slip plane.
3. Post-landslide erosion is common and can contribute as much as 33%
of the total sediment loss from the site of landslide initiation. Such
post-landslide erosion can continue for years, which reduces rates of
ecosystem recovery on landslide scars and alters down slope habitats
and watersheds.
4. Landslides greatly alter soils through physical losses, gains, and mixing,
as well as through chemical changes. Soil organic matter contains critical nutrients and retains moisture; it facilitates soil and plant recovery
in microhabitats present after a landslide. In warm, tropical regions,
some landslide soil chemistry may recover to pre-landslide conditions
within 55 years, yet such recovery is much slower in cooler, temperate
regIons.

3.1 Introduction
What causes a landslide? This is an important question, both ecologically and for human safety and hazard management. Landslides occur
on sloped terrain, making topography a crucial component for landslide occurrence. However, the underlying factors that control whether
or not a landslide is triggered include the conditions of the local soil
and rock substrate. Below the ground surface, a complex combination
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of geological, topographical, hydrological, historical, climatological, and
biological factors in addition to random disturbances interact and influence whether a landslide occurs (Table 3.1). Most of the below-ground
characteristics that affect landslide occurrence are not fixed, but instead
constitute dynamic interactions that can fluctuate in minutes or seconds.
Water is absorbed and drained from soils at multiple scales and rates,
which disrupts balances between driving and resisting forces. Seemingly
static components of a hill slope, such as rock and soil, are also in a
state of flux. Rock slabs can be split or pulverized through mechanical
weathering, such as when moisture or roots penetrate cracks in bedrock
and expand either by freezing or growing, respectively. Moisture, and the
organic acids exuded by plants, can degrade rock surfaces and alter soil
chemistry. Earthworms may increase infiltration, aeration, and organic
matter decomposition (see Section 4.6.1). Changes in above-ground
characteristics also influence below-ground properties; dense understory
vegetation may restrict precipitation from reaching the soil, and plant
abundance and elevated growth rates may dry soils due to evapotranspiration. Clearly, there are numerous interacting variables within the soil
and rock medium that are in near-constant flux, and the changes in such
variables influence the threshold between a stable slope and one that
slides.
The complexities of landslide triggers have made it difficult to predict
their exact location, time, and severity (see Chapter 6). Similarly, the
consequences of a landslide can be described in general terms. A relatively bare, nutrient-poor substrate generally remains following the loss
of multiple soil layers and extends from the zone of rupture or slip face
through much of the chute or transport zone, whereas the deposition
zone of the landslide is comparatively rich in organic matter and nutrients (see Chapter 2; Fig. 1.1). However, the landslide-affected area is a
mosaic of exposed bedrock and soil, transported colluvium (soil, rock,
debris), and remnant vegetation. This heterogeneity also makes it difficult to predict how ecosystems will develop following a landslide (see
Chapter 5). In this chapter, we describe the mechanisms by which landslides occur, covering the geological and soil conditions that influence
landslides, as well as the proximal triggers. The abiotic consequences of
a landslide are then discussed (see Chapter 4 for biotic consequences),
with our focus on sediment, rock, and organic matter movement, as
well as post-landslide erosion. Finally, we cover the effects of landslides on soil properties, including carbon and nutrient cycling and soil
development.

3.2 How landslides slide
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Fig. 3.1. Forces driving and resisting landsliding. (a) A balance of driving and
resisting forces keeps a slope stable; destabilization of a slope can come from
additional driving forces created by adding mass from (b) buildings and related
construction activities or (c) saturation by rain; (d) road cuts and similar
disturbances reduce resisting forces. Layer 2 can be the same or a different substrate
(soil, saprolite, or bedrock) than layer 1.

3.2 How landslides slide
Slope stability is ultimately determined by the relationship between driving forces, which tend to move material down slope, and resisting forces,
which tend to oppose such movement (Keller, 1996). The interface of
these two forces occurs at a slip plane, or a geological plane of weakness
in the slope material. Slip planes can be abrupt changes in the physical
conditions of the below-ground substrate, such as the interface of two
geological substrates (e.g., unconsolidated material overlying bedrock or
a layer of clay; Fig. 3.1(a)). For example, massive limestone blocks slide
down underlying clay slopes when the clay layer becomes wet and compressed in north-central Puerto Rico (Monroe, 1964). Slip planes can
also be less abrupt and occur within the same geological substrates, such
as when a landslide occurs at a fracture in bedrock or failure within a
seemingly heterogeneous soil mass (Wilcke et al., 2003; Sidle & Ochiai,
2006; Fig. 3.1(a)). Slope stability is often evaluated by determining a
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safety factor (Fs), which is defined as the ratio of resisting forces (5) to
the driving forces (1) (i.e., Fs = S/1). The slope is stable at this interface
if the driving forces are less than or equal to the resisting forces (i. e.,
when Fs :::: 1). However, when the driving forces exceed the resisting
forces (i.e., when Fs < 1), the slope is unstable and a landslide may occur.
An increase in weight of the slope material is perhaps the most common
cause of increase to the driving force (e.g., a house; Fig. 3.1(b)); whereas
the most common resisting force is the shear strength of the slope material acting along the potential slip planes (Keller, 1996; Sidle & Ochiai,
2006). The shear strength is largely influenced by the substrates adjoining the slip plane, and soils tend to have greater shear strength than rock
because of the cohesive strength of the soil, which results from adhesion
properties of soil particles (Keller, 1996). Typical examples of increases
in driving forces that result from increases in weight of the slope material
include vegetation, fill material, and buildings. Additionally, water from
rainfall that saturates the soil both adds weight and increases pore pressure,
which reduces frictional resistance, or suction, by separating soil particles (Fig. 3.1 (c)). The driving forces can increase relative to the resisting
forces without any additional mass added to the ground surface simply
by reducing the resisting forces, a condition which is common in road
cuts resulting from road building (Fig. 3.1(d)). Although vegetation adds
weight and therefore increases the driving force of a slope, the roots can
also increase the resisting force by growing through potential slip planes
(Table 3.2; Schmidt et al., 2001; Stokes et al., 2007b, 2009). Earthquakes
cause obvious disruption to local substrates that can weaken the resisting
forces and trigger landslides. Earthquakes occur widely in tectonically
active locations on other planets such as Mars and Venus where they also
trigger landslides (Lucchitta, 1978; Bulmer et al., 2006).
The mechanics of slope failure can be described in greater detail by a
series of equations that include numerous variables that ultimately reflect
the ratio of the resistance force (S) and the driving force (T). One such
equation described by Sidle & Ochiai (2006) includes the weight of
soil and vegetation mass (W) along a potential slip plane, as well as the
cohesive strength of the soil (c) and roots (~C):

Fs

= S/ T = (c + ~ C) / (W sin,8) + (tan ¢) / (tan,8) -

(u tan ¢) / (W sin ,8)

where {3 is the slope inclination, ¢ is the internal friction angle, and
u is the pore pressure, which is an integration of the unit weight of
water (y), vertical depth of the water table above the sliding surface
(h), and {3, in the following equation: u = yh cos 2 {3. Due to the model
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Table 3.2. The role of vegetation in promoting slope stability (S)

or instability (I)
Effect

Region

Mechanism

Description

S

Soil

Mechanical

S
S

Soil
Soil

Mechanical
Hydrological

S

Plant

Hydrological

S

Plant

Hydrological

I
I

Soil
Soil

Mechanical
Hydrological

I
I

Plant
Plant

Mechanical
Mechanical

lor S

Soil

Mechanical

lor S

Soil

Hydrological

lor S

Plant

Mechanical

lor S

Plant

Hydrological

Roots reinforce soil and increase shear
strength
Roots anchor into stable substrate
Roots and root channels funnel water
into root clusters
Short plants reduce rainfall splash
erosion
Plants absorb water and reduce rainfall
infiltration into soil
Plant mass increases driving force
Roots and root channels funnel water
to soil cracks and impermeable layers
Flammable plants leave soil exposed
Plants shake in wind and transfer
vibrations to soil
Uphill roots increase pore pressure,
downhill roots decrease it
Plants increase surface roughness and
infiltration
Tall plants add stabilizing litter but also
increase drip erosion
Evapotranspiration decreases soil
moisture, increases infiltration, and
lowers pore pressure

Sources include Nott (2006), Sidle & Ochiai (2006), Goudelis et ale (2007), Morgan
(2007), Stokes et ale (2009), and Ghestern et ale (2011).

assumptions and possible errors in the parameters, the threshold of Fs < 1
should be viewed as an index oflikely, rather than absolute, slope failure.
Landslides generated by earthquakes must have an additional parameter,
an earthquake load, integrated with the other variables in the safety
factor equation. The earthquake load parameter consists of horizontal
and vertical components along the slope (Sidle & Ochiai, 2006). Many
of the parameters within slope safety factor equations are challenging
to measure prior to slope failure, especially because several variables
(e.g., W, c, ¢, u) constantly change based on the proximal conditions
of the environment. However, some generalizations have been reported
for certain variables. For example, for shallow soils, the effects of pore
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water pressure (u) on slope instability are large. On sloped terrain with
deep soils, the effects of cohesion and pore pressure are generally smaller,
while the more important attributes determining landslide occurrence
are typically the inclination of the slope and the potential slip plane
(Sidle & Ochiai, 2006). Slope inclination has long been an important
component predicting landslides (Walker et ai., 1996; Turner et ai., 2010).
Root strength is often a more important component of slope stability
than the weight of vegetation, and this has been demonstrated on a
landslide (where fJ = 42°) associated with forest clear-cutting in Alaska
(Sidle, 1984). Because of the many factors that affect the driving and
resisting forces, including slope angle, earth substrate, climate, vegetation,
water, and time, the condition and balance between such forces are
highly dynamic at the slip plane, which is why a slope may be stable for
centuries and then suddenly slide. Sometimes vulnerability to landslides
can be calculated with matrices that include some of these variables. For
example, in three montane regions in Puerto Rico, Larsen & TorresSanchez (1998) determined that slopes most likely to slide were those
that were anthropogenically modified, had slopes> 12°, were> 300 m
in elevation, and faced the predominant northeast trade winds.

3.2.1 Geological context

The geology, or earth substrate, can affect the frequencies and types of
landslides that may occur. For rotational slides, which are also known as
slumps, the sliding occurs along a curved (concave upward) slip plane
(see Fig. 1.3). Rotational slides are most common on soil slopes, but can
also occur on weak rock slopes such as shale (Keller, 1996). In contrast
to rotational slides, the slip plane of a translational landslide is planar (see
Fig. 1.4). Translation slip planes can occur in all rock and soil types and
can range from shallow soil slips to deep-seated landslides (Keller, 1996;
Sidle & Ochiai, 2006; see Fig. 1.2). Bedrock that is fractured, jointed,
faulted, or bedded in the direction parallel to the hill slope constitutes a
zone of weakness that can increase the likelihood of a landslide (Pearce
& o 'Loughlin, 1985; Chen, 2006). Chemical and mechanical weathering, as well as tectonic activity, affects the strength and cohesion of
the geological substrate and its propensity for landslides. The interface
between two different rock types represents a potential slip plane that can
result in devastating landslides, especially when mechanical weathering
reduces resistance forces, which is what occurred during the Frank Slide
(Box 3.1).

3.2 How landslides slide
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Box 3.1 The Frank Slide disaster of 1903
One of the more famous landslide stories of both survival and devastation is the Frank Slide. On April 29, 1903, at 4:10 a.m., 82 million
tons oflimestone sheared off Turtle Mountain in the southern Rocky
Mountains of Canada. The section of rocky slope that failed was
150 m thick, 650 m tall, and 900 m wide (Dawson, 1995). The
landslide lasted less than 90 seconds, and covered 3 km2 of the valley floor, including some of the town of Frank (population about
600). The landslide dammed the Crowsnest River, covered 2 km of
the Canadian Pacific Railroad, destroyed a coalmine entrance and
associated infrastructure, and buried seven houses and several rural
buildings. Of the approximately 100 people that were in the path
of the landslide, at least 70 people died (Bonikowsky, 2012). Miners
who were buried in the mine tunnels were later able to dig themselves out, although several miners taking their 4 a.m. lunch break
at the entrance of the mine were killed (Bonikowsky, 2012). Many
of the survivors of the landslide were children, perhaps the most
famous was a 15-month-old girl who was thrown from her house by
the slide, and was found afterward in a pile of hay. The mother of
a 27 -month-old baby found her child face down in the slide's mud
and debris, and saved the baby's life by clearing mud from her nose
and throat.
The geology of Turtle Mountain was one of the primary causes
of the landslide because limestone rock was thrust over weaker rocks
and coal (Dawson, 1995). The stratification of these sedimentary
rocks was weakened by fracturing and fissures, and such cracks in
the rock allowed precipitation to infiltrate and periodically freeze
and expand, which further weakened the integrity of the mountain
slope. The timing of weather events was also a contributing factor.
The winter prior to the landslide had more snow than usual, and
April was unusually warm, allowing snowmelt and rain to percolate
into the mountain fissures before the weather turned cold again. On
the day of the landslide, the resistance forces of the rock layers were
weakened past the critical tipping point by the water freezing and
expanding in the fissures. Mining activities may have provided an
additional trigger (Benko & Stead, 1998).
Although the Frank Slide was a tragic and devastating landslide,
reclamation efforts were immediate: the town was moved and life was
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restored. The coal mine was re-opened within weeks and the buried
section of the railroad was rebuilt. In 1906, a road was built through
the deposition zone of the landslide. During road improvements
in 1922, a construction crew found the skeletal remains of seven
people in the rubble. Although the last survivor of the Frank slide
died in 1995 in Bellevue, Washington, U.S. (Bonikowsky, 2012), the
devastation of Canada's largest landslide will not be forgotten. In fact,
geologists currently monitor Turtle Mountain and the changes in the
sizes of the fissures because they expect that future displacements are
likely.

Landslides can occur on all types of geological substrates or rock types.
Although some rock types are more prone to landslides than others, the
physical and chemical conditions of the rock types or soil parent material
can result in a wide spectrum of substrate conditions (e.g., fine volcanic
clays to fresh lava rock), which often affect slope stability more than
the type of parent material alone. For example, the characteristics of
the sliding surface (potential slip plane) are often more important than
the underlying parent bedrock; all three of the main rock types (igneous,
sedimentary, metamorphic) are potentially susceptible to landslides (Sidle
& Ochiai, 2006). Granite (an igneous rock) is one type of parent material
that, when weathered, results in relatively high slope instability, as found
on landslides in Korea (Wakatsuki et aI., 2005) and Nepal (Ibetsberger,
1996). The instability of granite rocks probably results from relatively
slow weathering, which produces shallow soils with low water storage
and high permeability (Sidle & Ochiai, 2006). Weak sedimentary rocks,
such as mudstone and shale, are also highly susceptible to landslides
(Pearce & O'Loughlin, 1985; Chigira & Oyama, 1999). The presence
of particular compounds and oxidation in sandstone (another sedimentary rock) determines if it is weakened and therefore more susceptible
to landslides, or if it is strengthened by cementation by iron oxide or
hydroxide (Chigira & Oyama, 1999). Pyroclastic rocks can also weather
quickly by both mechanical and chemical processes, and landslides commonly occur on these substrates (Yokota & Iwamatsu, 1999; Chigira &
Yokoyama, 2005). Weathered gneiss (metamorphic rock), in contrast, is
often more resistant to sliding than other rock types (Ibetsberger, 1996;
Wakatsuki et ai., 2005), yet catastrophic landslides can still occur on hill
slopes underlain by gneiss (Weidinger et aI., 1996; Larsen & Wieczorek,
2006).

3.2 How landslides slide
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(d)

Fig. 3.2. Stages in the formation of valleys with amphitheater-shaped head walls,
(a) to (d), sequentially. From Scott & Street (1976) with permission from
Schweizerbart Science Publishers (schweizerbart.de).

Landslides often shape, and re-shape, the topography of many terrestrial and submarine environments. Much of our understanding of
topographical changes has come from examining valley formation and
the processes of erosion over a chronosequence (i.e., an age sequence of
landforms with a common parent material; see Chapter 5). The Hawaiian
Islands are a well-studied chronosequence of volcanic landforms because
the main Hawaiian Islands range in age from about 5.25/ million years
on Kauai, to parent material just being formed on the Island of Hawaii
(Vitousek etal., 2009; Peltzer etal., 2010). Mter the volcanic rock is
formed from cooling lava, the processes of chemical weathering and landsliding begin to re-shape the topography. Scott & Street (1976) describe
the formation ofU-shaped "amphitheater" valleys, which are now common landscape features on several of the Hawaiian Islands, particularly
on the older islands ofKauai, Oahu (3-4 million years old, and Molokai
(2 million years old; Ziegler, 2002). Valley formation in Hawaii can be
viewed as a model example for understanding the role of landslides in
transforming topography and landscapes. Valley formation begins when
major rivers incise the parent substrate and initially create deep, V-shaped
valleys (Fig. 3.2). The chemical weathering on the sides of the valley produces soils that deepen to the point where they are unstable. With high
rainfall events, the soil is transported down slope by landslides. The valley widens through this process and landslides continue to occur beyond
the river proftle equilibrium (i.e., when river downcutting ceases). Valley walls undergo parallel retreat to form a broad floor and U-shaped
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Fig. 3.3. An amphitheater-shaped valley on Molokai, Hawaii. Amphitheaters form
in part because maximum erosion occurs at the top of the valley headwalls.
Photograph by A.B. Shiels.

(amphitheater) valleys (Fig. 3.3) with steep sides (Fig. 3.4). This process
takes at least 0.8 million years (Scott & Street, 1976). Today, many of
the residents of Oahu live in the valley bottoms and on the ridges above
such U-shaped valleys that were partially formed by landslides. A related
process occurs in U-shaped valleys that are initially carved by glaciers and
then further shaped by landslides (Plate 7).
A similar process involving landslides also forms large U-shaped valleys
on the ocean floor (Robb, 1984). An important difference between
terrestrial and submarine landslides is that submarine landslides occur
on slopes that have a mostly constant volume of water (i.e., weight on
the slope) and are triggered primarily by seismic activity rather than
variation in local precipitation (see Section 3.2.3). One intriguing result
of the shifts in soils and! or geological substrate that occur during both
terrestrial and submarine landslides is the exposure of rock layers that are
millions of years old as well as human artifacts deposited prior to soil or
substrate coverage; such prehistoric items can be uncovered by terrestrial
landslides occurring on road cuts (Fig. 3.5; Box 3.2).

3.2 How landslides slide
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F(~. 3.4. Landslides on fields (far left, center, and f.1r right of photo) at the base of
steep walls (Makua Valley) derived from the inner crater rim of a giant volcano,
Oahu, Hawaii. Note that the upper slopes are too steep for soil formation.
Photograph by A.B. Shiels.

3.2.2 Soil context

Like all rock types, all soil orders are potentially vulnerable to landslides.
Rock weathers through mechanical and chemical processes. Freeze-thaw
and wet-dry cycles, direct impacts from dislodged rock, and waterf:1lls
are all examples of mechanical weathering. The primary controls of
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Fig. 3.5. A tunnel and an overhead chute used to divert landslide sediments from a
road through Arthur's Pass, New Zealand. Photograph by L.R. Walker.

the rates of chemical weathering include rock type, temperature, and
moisture (Scott & Street, 1976). Available moisture (affected by local
Box 3.2 Road cuts trigger landslides and expose geological and
human history
Road-building is ubiquitous across much of the planet, and where
it occurs over sloped terrain it often triggers landslides (Fig. 3.5).
Road cuts are often the sites of busy mountainside traffic and may, in
unstable regions, cause some anxiety to travelers because of danger
or delays resulting from eroding slopes. Road cuts, and the landslides that occur on them, have two interesting side benefits. The
deep cuts provided by roadway excavation and subsequent landslides
create steep, vertical, walls, which expose a geological record that
intrigues both geologists and anthropologists. Geologists, soil scientists, and geomorphologists can use such road cut profiles to differentiate among rock layers and interpret a geological story that can date
back millions of years. Anthropologists and archaeologists can use the
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same road cuts and landslides to reveal traces of human cultures that
might be centuries old. For example, during road construction in the
Asese Peninsula of Lake Nicaragua, a landslide unearthed nume~ous
ceramic vessels (decorated pottery) and artifacts (Wilke et al., 2011)
that, when dated using carbon isotope analysis of carbon fragments,
were about 1000 years old. Interest in the items unearthed from
the small landslides led to the establishment of a formal archeological excavation at the site. The site contained a mass cemetery with
not only ceramic vessels, but also human bones and other remains.
There were also caches of goods such as knife blades, ear spools,
bone tools, ceramic beads, pendants, fishing weights, and a figurine
of a shaman (Wilke etal., 2011). Landslides therefore serve multiple purposes, including providing geological insights and improving
understanding of our human ancestors.

climate) is the most variable of these controlling factors on the local and
watershed scale, which highlights its importance in weathering and landslide occurrence across landscapes (Chen, 2006). Areas with limestone
are highly susceptible to chemical weathering and rock decomposition
because rainfall is typically acidic (forming carbonic acid) from its reaction with carbon dioxide in the atmosphere and soil (Keller, 1996).
Soil is a mixture of decomposed rock and organic matter that is teeming
with living organisms, particularly microbes (e.g., bacteria and fungi)
and invertebrates such as arthropods and earthworms (see Chapter 4).
Soil formation results from the interactions of climate, biota, topography,
parent material, and time Genny, 1941, 1980). Climate affects weathering
rates via temperature and precipitation. The soil fauna is an important
component of all soils because it directly contributes to soil building
and its chemical and nutritional status. Soil microbes commonly span
all soil layers from the surface to the parent rock, yet they tend to be
most active and in highest abundance near the soil surface where organic
matter is highest. Vegetation that colonizes landslides creates physical
channels in the soil and parent material via rooting; organic acids, both
from root exudates and leaf litter, contribute to substrate weathering and
soil formation.
The degree to which soils have been weathered can affect landslide
occurrence. Coarse-grained, granitic soils are commonly classified as
Entisols or Inceptisols, which are the least developed of any soil types.
Such soils have abundant air spaces between grains that make them loose
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(less cohesive) relative to finer grained particles such as silt or clay, which
more readily "stick" to one another. Sandier soils are also more permeable
and therefore do not have the high water-holding capacity that silts and
clays do. Therefore, granitic soils often crumble and erode, resulting in
frequent, small landslides (Pearce & O'Loughlin, 1985; Sidle & Ochiai,
2006). A greater frequency of landslides per substrate area occurred on
sandy soils derived from granite-like diorite with a lower water-holding
capacity than on the clay-rich volcaniclastic soils with higher waterholding capacity in the Luquillo Mountains of Puerto Rico (Shiels etai.,
2008; Walker & Shiels, 2008; Shiels & Walker, in press).
The depth to which soils are developed can affect the volume of material eroded and can range from several vertical meters in deep rotational
or translational landslides to several centimeters in young, shallow soils
(Wentworth, 1943; Pearce & o 'Loughlin, 1985; Fort etai., 2010). As
with rock layers, the interface of two soil layers in the soil profile is
commonly a potential slip plane because the density, permeability, and
other soil characteristics change in ways that affect the water dynamics
and resistant forces (Fig. 3.1(a». Such changes can occur at virtually any
soil depth. An abrupt type of layering occurs when a developed soil
layer abuts bedrock or saprolite (chemically weathered bedrock), either
of which is generally more compact and less permeable than the soil
above it. The compact substrate that rests below such a soil layer impedes
soil water percolation, thereby leading to saturation of the pore spaces in
the upper soil layers and changes in the driving and resisting forces. The
most common landslides in many areas of sloped terrain are those that
are shallow « 2 m) and small « 150 m 2 ; Scott & Street, 1976; Larsen
& Torres-Sanchez, 1996; Shiels et al., 2008). These shallow landslides
are primarily triggered by intense precipitation on high antecedent soil
moisture conditions rather than by earthquakes. Landslides studied in
Jamaica by Dalling (1994), and in Hawaii by Scott & Street (1976), were
shallow (averaging < 60 cm depth). The variation in depth of Hawaiian
landslides reflected differences in plant cover type; landslides that averaged 42 cm depth were initially fern-covered, whereas landslides that
averaged 57 cm depth were originally forest-covered (Scott & Street,
1976). Wentworth (1943) studied 200 landslides in a 39 km 2 area on
Oahu and found that the depth of landslides averaged 30 cm. Similarly,
in a study of nine landslides by Restrepo et al. (2003) on the island of
Hawaii, the average depth from the surface to bedrock was 34 cm. Such
shallow landslides in Hawaii are probably the result of relatively young
parent material that has had little time to weather and form soil. When
both soil types and substrate ages were considered, the average depths
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of landslides in the Luquillo Mountains in Puerto Rico were 0.5 m to
7 m (Larsen & Torres-Sanchez, 1990). However, when landslides occur
on the 30 million-year-old volcaniclastic substrate they appear to erode
more deeply on average than those soils derived from the 10 millionyear-old dioritic intrusion (A. Shiels, pers. obs.). Additionally, landslides
occurring on dioritic soils in the Luquillo Mountains tend to expose
bedrock more frequently than those on volcaniclastic soils, yet saprolite
rather than bedrock is typically exposed following landslides occurring
on volcaniclastic soils. Therefore, the depth of erosion resulting from
landslides is influenced by both physical (e.g., the type and age of parent
material) and temporal (e.g., degree of weathering) factors.
Local topography and especially slope not only influence landslide
occurrence, but also influence soil development: Although the steepest
slopes might be expected to experience the highest landslide frequency,
slopes that are too steep to form substantial soil rarely experience landslides involving soil (but can experience rock falls). Many of the slopes
on the windward side of Molokai, Oahu, and Kauai (Hawaiian Islands)
are too steep (> 75°) for substantial soil formation to occur (Fig. 3.4;
Scott & Street, 1976). Therefore, soil-related landslides are most frequent
where substantial soil forms, which is commonly on foothills below cliffs
or on mountain slopes above cliffs (Scott & Street, 1976). However,
slope gradient interacts with geological and biological factors as well. In
New Zealand, landslides at high elevation with erosive allophane and
poor vegetation cover occurred on slopes as low as 15°, while at lower
elevations with more stable soils and vegetative cover, landslides occurred
only on slopes > 40° (Jane & Green, 1983). Additional topographic
characteristics that affect soil development and landslide activity include
proximity to dips, scarps (topographic evidence offaults), rock outcrops,
and valley walls; these features can influence the direction and magnitude of seismic shaking, the buildup of pore pressure, and the local microclimate (Pearce & O'Loughlin, 1985). For example, outcrops or walls may
provide protection from driving rain along some aspects, and the shade
created by topographic features often increases soil moisture, decreases
soil and air temperature, and alters plant cover and rooting depth (Larson
et al., 2000).

3.2.3 Proximal triggers

Rainfall, earthquakes, volcanic eruptions, and human activities can facilitate landslide occurrence because each of these components alters the
balance between driving and resisting forces on the slope. Many of the
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landslides discussed in the previous section were shallow, terrestrial landslides that resulted from large rainfall events. While rainfall typically triggers smaller landslides than those produced by earthquakes or volcanoes
(Schuster, 2001), rainfall-triggered landslides tend to be more frequent
worldwide because heavy storms are common, even in areas oflittle seismic activity. For example, Scott & Street (1976) studied 139 landslides
that were all triggered by heavy rainfall during a 5-year period in 7 km2
of the Koolau Mountains, Oahu. A recent landslide survey over 2 years
in the Luquillo Mountains (110 km2 ) of Puerto Rico found that three
significant rainstorms triggered 142 landslides (Shiels & Walker, in press).
The average size of the 139 landslides studied by Scott & Street (1976)
and the 142 studied by Shiels & Walker (in press) was approximately
100 m 2 • However, despite their small sizes, the relatively high frequencies of such landslides can affect significant portions of the landscape
(see Table 2.2).
Earthquakes can generate tens ofthousands oflandslides over thousands
of square kilometers and dislodge several billion cubic meters of rocks and
soils from slopes (Keefer, 1984). In a 154000 km2 portion of the South
Island, New Zealand, an estimated 400/0-67% of all the material that had
eroded in that region had originated from earthquake-induced landslides
(Adams, 1980). The shaking of the soil profile by either an earthquake
or volcanic eruption decreases the resisting forces along potential slip
planes. Explosive volcanoes can also create landslides from the blast,
which was the case with the largest historic (terrestrial) landslide, which
was triggered by the eruption of Mount St. Helens in 1980 (Schuster,
2001; Dale etal., 2005; see Box 2.3). Additionally, landslides can be
triggered by the interaction of intense rainfall with seismic activity (Plate
8). For example, Ecuador's 1987 Reventador earthquakes (magnitude 6.1
and 6.9) in Napo Province triggered thousands of landslides (affecting
hundreds of km2) on soils that had been saturated by heavy rainfall
during the prior month (Schuster et ai., 1996). High pore pressure from
the weight of water (1 liter = 1 kg) held in the soil from prolonged
rainfall likely increased the driving forces on the potential slip plane; the
shaking from the earthquakes then tipped the balance further in favor
of driving forces and slope failure. In the absence of high pore pressure,
water is not a slippery medium that has a lubricating effect; instead, water
holds soil grains through surface tension and therefore provides cohesion
in the soil-water interface (Keller, 1996).
Heavy rains typically cause landslides by temporarily raising the water
table to a shallower depth. A rising water table results from a greater rate
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of surface infiltration into the unsaturated (vadose) zone than the rate
of deep percolation (Keller, 1996; Dhakal & Sidle, 2004; Chen, 2006).
The most extreme case of a rising water table occurs when it reaches
the surface, indicating that a potential landslide mass is entirely saturated.
Saturation of soil increases the pore pressure. Pore pressure slightly forces
the soil grains apart and thus reduces inter-grain friction, cohesion, shear
strength, and resisting forces (Sidle & Swanston, 1982). Additionally, the
driving forces increase due to the extra weight and pressure of water
(Peterson etal., 1993; Chen etal., 1999). Seepage of water from external
sources, such as reservoirs, canals, culverts, and septic tanks, can also
increase pore pressure and weight on a slope, thereby increasing the
likelihood of a landslide.
Water can also reduce soil stability by rapid draw down, or by altering the physical structure of clays. Rapid draw down occurs when the
water level of a river or reservoir lowers quickly, usually at a rate of at
least 1 m per day (Kojan & Hutchinson, 1978; Keller, 1996). With the
drop in surface water, the bank, which the surface water body had previously inundated, is left unsupported and with water-filled pore spaces.
The bank therefore reflects an abnormal distribution of pore pressure
where the weight of the bank increases the driving forces and reduces
the resisting forces, causing bank failures (slumps) to occur. Examples of
rapid draw down can occur in most environments after flood waters have
receded, including semi-arid ecosystems where ephemeral streams are
present. On river valley slopes that contain clay-rich sediment, liquifaction can occur. This process results from disturbance to some clays in the
soil profile, which causes them to lose their shear strength and behave like
a liquid (flow). Liquifaction of clays is often caused by river erosion at the
toe of the slope. Although they start in a small area, these flows (see Table
1.2) can become large events that are very destructive and can result in
large losses of human lives (Sidle et al., 1985; Boadu & Owusu-Nimo,
2011).
How much rainfall and what magnitude of an earthquake are needed
to trigger landslides? Due to the many factors involved, there is no simple generalization, especially when rainfall interacts with seismic activity.
However, there have been several attempts to make both worldwide
and regional models to predict landslide occurrence. Using 73 shallow
landslides from around the world, Caine (1980) constructed a landslidetriggering equation to predict landslide occurrence based solely on rainfall intensity (1) in millimeters hour- 1 and duration (D) in hours: 1=
14.82D-o.39. If at any time the rainfall intensity exceeds the threshold
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value 1, then shallow landslides may occur (Fig. 3.6). The antecedent
moisture content, or the degree of wetness of the soil, is typically positively correlated with D but it will also depend upon local physical characteristics of the environment (e.g., soil properties, vegetation cover).
Since Caine (1980) reported this model, it has been tested and altered for
improvement; but local and regional models are typically favored over the
worldwide model (Sidle & Ochiai, 2006). For example, Larsen & Simon
(1993) defined such a model for northeastern Puerto Rico using the same
two variables as Caine (1980). Their equation (1 = 91.46D- o.82 ), derived
from studying 256 storms across 32 years, gives the threshold that, when
exceeded, resulted in landslides (Fig. 3.6). Note that in both Hawaii and
Puerto Rico more rain is required per unit time than the world average.
From their surveys, Larsen & Simon (1993) also estimated that landslideproducing storms in the Luquillo Mountains occur at an average rate of
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1.2 year-1. Keefer (1984) developed indicators of earthquake-triggered
landslides by applying simple relationships with earthquake magnitude
and distance to the epicenter. Keefer (1984) reported that the smallest
earthquakes that produce landslides typically have a magnitude of at least
4.0, and an "average" earthquake of magnitude 8.0 would likely trigger
landslides over an area of 35 000 km2 (Keefer, 1984). Using data from
47 earthquakes from various settings around the world, Keefer & Wilson
(1989) calculated the following regression relationship to predict the
amount of area potentially affected by earthquake-triggered landslides:
10glOA' = M - 3.46 (±0.47) where A' is the potential area affected by
landslides (km2) and M is the earthquake magnitude in the range of 5.59.2. A similar equation was developed using 22 earthquake-triggered
landslides in New Zealand: 10glOA' = 0.96 (±0.16) M - 3.7 (±1.1)
(Hancox et ai., 2002). Such predictive models for landslide occurrence
could probably be improved by accounting for particular properties of the
local soil and parent material (e.g., soil moisture, rock type). However,
predicting exact locations of landslides still remains challenging.
The physical factors responsible for triggering submarine landslides
are similar to those for terrestrial landslides because slope failure occurs
on weak geological layers (slip planes) when driving forces override
resistance forces. Because precipitation is largely irrelevant in triggering
submarine landslides, earthquakes are the primary triggering mechanism
(Schuster, 2001). Like terrestrial landslides, an earthquake can cause a
single landslide or multiple landslides around the earthquake's epicenter.
Because submarine landslides often occur at great depths beneath the
ocean surface, few have been documented at the time of occurrence
(see Section 2.2.1; Hampton etaZ., 1996).
In addition to earthquakes, submarine landslides may be caused by
increased pore pressure due to rapid sediment deposition or by increased
wave action due to large storms such as cyclones (Bea et aZ., 1983; Locat &
Lee, 2002). Submarine landslides may also occur through tidal changes in
a manner analogous to the way that a rapid draw down causes terrestrial
landslides; such landslides occur during low tide when the pore pressure
of the intertidal zone does not have sufficient time to reach a steady state
with ground water flow (Locat & Lee, 2002). Submarine landslides that
occur as a result of tidal change are most common on river deltas, and they
are often related to additional co-occurring triggering mechanisms such
as road construction and/or increased sediment loading via river outflow
(Locat & Lee, 2002). Groundwater discharge and sediment discharge at
coastal areas and river mouths can also trigger submarine landslides at
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high and low tides because these tides increase pore pressure and driving
forces on a slope (Robb, 1984; Locat & Lee, 2002). Additionally, some
submarine landslides occur from disruption of gas hydrates, which are ice
and natural gas mixtures that are stable at constant sea floor temperatures
(Sultan et al., 2004). Gas hydrates form by gas (usually natural gas) trapped
in sea beds, which are under intermediate pressure and low temperature.
These gas hydrates form layers and, at sufficient concentration, cement
sediments (Sultan et al., 2004). However, when bottom temperature or
pressure changes occur, or drilling disrupts the ocean floor layers, the
gas hydrates can melt or otherwise become unstable and can facilitate
landslides (Sultan et al., 2004; Crutchley et al., 2007). The reduction in
sea level is one way in which natural gas trapped in the seafloor can be
released, making the local slope unstable (Locat & Lee, 2002).
Human actions are well known to cause landslides (Locat & Lee,
2002; Sidle & Ochiai, 2006). There are at least three main ways in
which humans increase slope instability (see Section 1.1.1): (1) groundshaking (reducing resisting forces), (2) increasing the slope's load or
weight (increasing driving forces), and (3) physically modifying the slope
substrate by drilling or removing a portion of the slope and/or vegetation (reducing resisting forces). Construction using large ground-shaking
equipment, and blasting or drilling through rock, can cause ground vibrations resulting in slope failure that is similar to that produced by tectonic
earthquakes. Even submarine landslides near the coastline have been triggered by nearby (terrestrial) blasting associated with road construction
(Kristiansen, 1986). To study liquefaction and other details of landslide
processes, explosives have been used to create submarine landslides (By
et al., 1990; Couture et al., 1995). For example, the Kenamu River delta
in Canada was partially destabilized by a blast using 1200 kg of explosives
(Couture etal., 1995).
Humans can directly or indirectly increase the weight of a slope,
which consequently increases the driving forces along a potential slip
plane (Keller, 1996; Locat & Lee, 2002). Direct increases on a slope
include erecting structures, such as buildings, or adding substrate, such
as mine tailings or fill material (Fig. 3.1 (b)). Although development and
building on slopes is common worldwide, slope and substrate surveys
combined with site engineering can help alleviate and transfer much of
the structure's weight load from the most vulnerable slip planes to deeper
soil depths or perhaps bedrock by using ties and pilings. Some indirect
weight increases to slopes that result from human activity can increase
pore pressure on a slope (e.g., when soil water increases from redirection
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of drainage patterns). Sediment deposition through increased runoff into
water bodies (e.g., for submarine landslides) is another way that humans
may indirectly increase the weight load of a slope. Rapid draw down of
rivers and reservoirs by humans can also result in pore pressure increases
to a slope.
Common practices that physically modify a slope and increase the
likelihood oflandslides include road building and drilling. Road cuts can
decrease resistance forces and lead to landslides (Fig. 3.1 (d)), whereas the
addition of material placed below a road cut can also increase the weight
(driving forces) on the slope below a road. Landslides associated with
road building are more common than non-anthropogenic landslides in
many regions of the world, such as Puerto Rico (Guariguata & Larsen,
1990). Drilling into the seafloor for petroleum or natural gas can also
directly cause landslides either by reducing resistance forces in a similar
fashion as road building, or by disrupting or melting gas hydrates (Locat
& Lee, 2002; Sultan et al., 2004). Therefore, humans frequently cause
landslides through a number of land use practices; Chapter 6 describes
in greater detail the various human-landslide interactions.

3.3 Physical consequences
Landslides create gaps or scars in vegetation and surface substrate, and
therefore the physical environment is greatly altered following a landslide.
The loss of above-ground and below-ground biomass and abiotic material
provides opportunity for new colonists (see Chapter 4), and results in
widespread microtopographic heterogeneity, exposure of new substrates
that have long been covered by soil layers, and micro climatic variation
at the surface and near surface. The range of substrates within a landslide zone can include a patchwork of bedrock, saprolite, deep soils, and
even soils that were resistant to the landslide (Miles & Swanson, 1986;
Shiels & Walker, in press). Variation in the degree of scouring, depth
of soil remaining, and organic matter is often divided into three main
zones (slip face, chute, deposition) described in Chapter 2. The physical
consequences of landslides also extend out of the landslide area; sediment clouds (turbidity currents) extend for kilometers from submarine
landslides (see Fig. 2.3; Locat & Lee, 2002), and mixtures of both sediment and debris are commonly transported through a watershed and
deposited into rivers or roads (Chen, 2006; Sidle & Ochiai, 2006). Landslides are more than mass movements of the upper layers of the earth; each
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landslide leaves a unique signature in the local landscape where its effects
extend beyond the immediate landslide scar.

3.3.1 Sediment, rock, and debris movement

The high energy movement of material down slope is often the most
impressive, but also most dangerous, portion of a landslide disturbance.
Uprooted trees, rocks, branches, leaf litter, and soil fauna travel down
slope as part of a sediment-dominated mixture that ultimately comprises
the base, or deposition zone, of a landslide. Two landslide events in
New Zealand altered stream channels by delivering 4700 m 3 of logs
that piled up to 8 m tall and about 60000 m 3 of sediment reaching
depths of 4 m (Pearce & Watson, 1983). The deposition zone can also be
removed from the landscape by rivers, and when flooding co-occurs with
landslide-producing rainstorms the flood waters can immediately alter
the landslide-delivered deposits across the landscape. Based on studies
of 19 earth flows, which are slow-moving landslides that creep down
slope in a manner analogous to alpine glaciers, an estimated 24 900 tons
km - 2 of sediment was annually deposited during 1941-1975 into the Van
Duzen River, northern California (Kelsey, 1978). Landslides and flooding
triggered by a large rainstorm deposited as much as 100000 m 3 km- 2
sediment from a 200 km drainage area in Venezuela (Larsen & Wieczorek,
2006). Sediment loads may not have immediate effects on waterways
if they are far from stream networks, composed of large particle sizes
(Pearce & Watson, 1986), or landslide dams retain them. It took 2 years
for river erosion to remove half of the total landslide debris generated
by an earthquake in New Guinea (Pain & Bowler, 1973). Keefer (1994)
proposed an equation to describe the total volume of terrestrial landslide
material dislodged by earthquakes. The equation is: V = M o /l0 10.9 (± 0.13),
where V is the volume and is measured in m 3 , and Mo is the seismic
moment of the earthquake measured in dyn em (where 1 dyn is the force
required to accelerate a 1 g mass at a rate of 1 em second- 2). The Mo is
related to the magnitude (M) of an earthquake but also takes into account
rigidity, average slip fault, and rupture area (Keefer, 1994). Through
such modeling of sediment production in 12 earthquake-prone regions,
Keefer (1994) found that four regions, including Hawaii, New Zealand,
Irian Jaya (West Papua), and San Francisco Bay (U.S.) had very high
sediment production (> 200 m 3 km- 2 year- 1) generated by earthquaketriggered landslides. Additional regions in California, Japan, and Turkey
had moderately high sediment production (20-200 m 3 km- 2 year- 1 ;
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Keefer, 1994). Advances in seafloor mapping technology have enabled
the sizes and depths of past submarine landslides to be better estimated
(see Chapter 2; Locat & Lee, 2002); and the largest known submarine
landslide transported approximately 20 000 km3 of material down slope
(Schuster, 2001).
Land use plays a critical role in altering sediment loads. For example,
the Cayaguas watershed in Puerto Rico was intensely farmed from 1820
to 1970. Despite recent revegetation efforts, a total of 666000 m 3 km- 2
of sediments (3805 m 3 km- 2 year- 1 during the last 175 years) have been
eroded by landslides (Larsen & Santiago Roman, 2001). An additional
113000 m 3 km- 2 of colluvium has accumulated in the Caguas watershed
from landslides during this time period. If mobilized, this colluvium
would be sufficient stored material to supply the annual fluvial sediment
yield for up to 129 years (Larsen & Santiago Roman, 2001). Logging
and associated road building in Malaysian rainforest resulted in annual
sediment yields from landslides that were double the pre-logging levels
even 6 years after logging had ceased (Clarke & Walsh, 2006). Although
there are a wide variety of scar sizes, scouring depths, and debris and
sediment deposition volumes, all landslides create immediate and longterm effects that alter biotic and abiotic environments.

3.3.2 Post-landslide erosion

Erosion that occurs after a landslide event is often neglected because of
its apparent subtlety relative to the landslide itself. However, landslides
often initiate a complex and lengthy process of changes in both geological
(Swanson & Major, 2005) and biological aspects of a landscape (see
Chapter 5). The exposure of vegetation-free substrate, for example, promotes subsequent erosion through a number of mechanisms, including
reduced interception of precipitation, increased overland flow, and creation of channel incisions along landslide surfaces and edges (Stokes
et al., 2007b; Walker & Shiels, 2008). Such post-landslide erosion can
last for years and affect the biotic recovery on the landslide scar and the
habitats below the landslide (Scott & Street, 1976; Larsen et al., 1999;
Clarke & Walsh, 2006). Vegetation diverts and intercepts rainfall, physically impedes surface sediment runoff, and anchors soils (Table 3.2; see
Section 6.5.3; Sidle etal., 2006; Stokes etal., 2007a,b, 2009; Dung etal.,
2011). Similarly, the multi-layered broad leaf forests of the Himalayan
Mountains experience fewer landslides than those dominated by the
more sparsely layered pine trees (Tiwari et al., 1986). Organic matter
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(e.g., litter layer) generated by vegetation helps in water absorption and
infiltration, and it helps reduce the incidence of sediment dislodging from
rainfall splash (Sidle et al., 2006; Ghahramani et al., 2011). Roots (both
dead and alive) provide channels for water to infiltrate and help provide
lateral drainage of hill slopes, which ultimately reduces surface flow and
sediment runoff (Noguchi et al., 1997; Sidle et al., 2001). Similarly, the
depth of the soil relative to the rooting depth and root density can also
influence slope stability; deep roots and high root density enable greater
water diversion through the soil profile (Sidle et al., 1985; PIa Sentls,
1997; Schmidt et al., 2001). Vegetation also removes soil water from the
rooting zone via transpiration (Stokes et al., 2009). Species composition
and disturbance history also influence root cohesion on landslides, with
the contributions of plant roots in undisturbed coniferous forests in Oregon, for example, far exceeding that of clear cuts and plantations (Schmidt
et al., 2001). Severe fires that reduce vegetation cover on slopes can promote new landslides or re-sliding by reducing root cohesion (Swanson,
1981; Cannon, 2001; Wondzell & King, 2003). The spatial distribution
of vegetation on recent landslides is also important because clumpy vegetation cover can lead to concentrated flow between clumps, thereby
increasing water flow velocity, sediment movement, and gully formation
(Morgan, 2007; Dung etal., 2011).
Bare (vegetation-free) soil is often the immediate consequence of a
landslide, and therefore the amount of post-landslide erosion that occurs
on landslide slopes can be significant (Scott & Street, 1976; Douglas
etal., 1999; Larsen etal., 1999; Walker & Shiels, 2008). For example,
in Malaysian rainforest, the ground-lowering rates due to post-landslide
erosion were 10-15 cm year-1 for the first 2 years following landslide
disturbance (Clarke & Walsh, 2006). Post-landslide erosion occurring
during the first year on ten Oahu landslides resulted in approximately
half of the amount of sediment lost by the initial landslide disturbances
(Scott & Street, 1976). On 308-13 month old landslides in Puerto Rico,
the rates of sediment runoff from post-landslide erosion on volcaniclastic
and quartz-diorite substrates were 20 and 67 g m- 2 day-1 (7.3 and
24.4 kg m- 2 year- 1), respectively (Fig. 3.7; Walker & Shiels, 2008).
This amount of annual sediment runoff was much greater than on two
other landslides studied with similar methods in the same forest (0.030.12 kg m- 2 year- 1 for a 4-year average; Larsen etal., 1999). There
was no reduction in post-landslide erosion throughout the 13 months
in the Walker & Shiels (2008) study, but some decline was reported in
post-landslide erosion during the 4-year study (Larsen et al., 1999). The
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Fig. 3.7. A gurlach trough (white object in foreground) used on a Puerto Rican
landslide to measure sediment from post-landslide erosion. Photograph by
A.B. Shiels.

propensity for post-landslide erosion is also affected by the particle sizes
of surface sediments. For example, water flows over clay soils faster than
over coarser-grained soils, such as sands, which impart greater roughness
and therefore erode more readily (Morgan, 2007). Soil type and fertility
can also indirectly influence post-landslide sediment loss through their
effects on plant recovery (Shiels et al., 2008).
Landslide edges provide another site of post-landslide instability (see
Fig. 2.9). Distinct edges, or those which have clear boundaries, are typically steep and unsupported. Through the same forces that cause landslides (i.e., the imbalance between driving and resisting forces), material
at the landslide edge topples or sloughs off into the landslide (Adams &
Sidle, 1987; Zarin & Johnson, 1995a). In contrast to most post-landslide
erosion originating from within the landslide, sloughing at the landslide edge adds soil into the landslide matrix that often contains elevated
organic matter, nutrients, microbes, and seeds, which potentially accelerate plant and soil recovery (Adams & Sidle, 1987; Shiels et al., 2006).
Post-landslide erosion that originates both from the landslide edge and
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within the landslide can be a significant factor that may persist for many
months after the landslide and comprise up to one-third of the total
sediment lost from a landslide (Scott & Street, 1976).
In addition to the instability oflandslide surfaces and edges after a landslide, it is not uncommon for all, or a substantial portion of, the landslide
to experience additional landslides on top of the first. This process, called
re-sliding, often occurs in the steep regions of the landslide such as the
slip face. However, any of the unsupported slopes, including edges and
interior mounds, can erode and further scour or cover portions of the
original landslide. Re-sliding differs from sediment loss and sloughing
because it is spatially more extensive and represents a mass movement
event. In Tanzania, six out of 14 landslides experienced re-sliding within
7 years of each initial landslide (Lundgren, 1978). During 2003-2004,
nearly half (400/0-48%) of the ::s 2-year-old landslides generated near
roads and trails in the Luquillo Mountains of Puerto Rico re-slid (Shiels
& Walker, in press).
Sediment deposited in rivers, either via post-landslide erosion, or
the initial landslide disturbance, can significantly alter water flow, temperature, light, and biota (see Section 2.2.1; Schuster, 2001; Mackey
et al., 2011). Within a landslide scar, the post-landslide aggregate stability, woody debris, slope gradient, topographic complexity, and exposed
rock affect the velocity of the water and sediment movement down slope
(Ziegler etal., 2004; Morgan, 2007; Ghahramani etal., 2011). Below the
landslide, the distance to a river, tributary junction angles, channel and
hill slope gradients, vegetation type and cover, extent of boulders and
woody debris, and land uses influence the amount of landslide material
deposited into streams (Pearce & Watson, 1983; Douglas et al., 1999;
Chen, 2006; Sidle etal., 2006; Dung etal., 2011). Many microtopographic changes to landslide scars continue long after the landslide disturbance, and the sediment losses affiliated with such changes alter down
slope habitats including waterways (Clarke & Walsh, 2006).
Large rain events are the most common cause of post-landslide erosion
(Douglas et al., 1999), but the lack of tight correlations between rainfall
quantity and sediment loss is a reminder that there are likely to be multiple interacting factors influencing soil, sediment, and debris transport
both within and down slope of landslides (Walker & Shiels, 2008). Such
material exports from landslides scars can begin immediately after the
landslide disturbance, and may continue for years (Larsen et al., 1999;
Clarke & Walsh, 2006; Shiels & Walker, in press). On a chronosequence
oflandslides in the Himalayan Mountains, sediment losses did not return
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to pre-disturbance forest conditions within 40 years of landslide development (Pandey & Singh, 1985)

3.4 Geochemical consequences
One of the most obvious changes resulting from a landslide is the loss and
redistribution of surface soils. Massive soil loss across the landslide, and a
mixture of soils, rocks, and organic matter in the deposition zone, are key
characteristics that make landslides unique disturbances. The majority of
the landslide scar is typically infertile and is represented by undeveloped
soils, saprolite, and possibly bedrock. The mosaic of various substrate
types also has different micro topographic characteristics such as slopes,
gullies, mounds, and remnant plant parts. The removal of the topsoil
layers during a landslide alters the physical conditions of remaining soils,
and can result in increased soil bulk density when compared to adjacent
undisturbed soils (e.g., 0.78 g cm- 3 in landslides vs. 0.37 g cm- 3 in
undisturbed soils in Jamaica; Dalling & Tanner, 1995). Remnant soil
patches that survived the landslide, or small "islands" of developed soil
that are rich in plant-available nutrients and organic matter, may also
be common and contribute to soil and surface heterogeneity (Adams
& Sidle, 1987; Shiels etal., 2006). Depending upon the depth of soil
removed and the amount of scouring, the landslide edge may initially
be as infertile as interior soils. However, with time, plants bordering the
landslide edge provide shade and litterfall that can enhance soil conditions
(e.g., soil moisture and nutrients) at the landslide edge more than at the
interior (Fetcher et al., 1996). Therefore, soils within a landslide are highly
heterogeneous and gradients of soil physical and chemical conditions
are present from the top (slip face) to bottom (deposition zone) of the
landslide, from edge to center, and from the bare soil or rock matrix
to remnant patches of soil that were resistant to landsliding (see Section
2.3.3; Guariguata, 1990; Myster & Fernandez, 1995; Shiels & Walker, in
press).

3.4.1 Soil chemistry

Following landslides, soils and other substrate layers that had previously
been covered become exposed to chemical weathering. Soil pH is one of
the most important measurements needed to understand soil chemistry
because most nutrients are only available to biota under particular pH
ranges. Outside of these ranges, nutrients are tightly bound to other soil
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elements so that, when water is present, the elements are not displaced
into solution and therefore are not available for plant uptake. Landslides
typically have elevated soil pH relative to adjacent, undisturbed soils
(Adams & Sidle, 1987; Guariguata, 1990; Dalling & Tanner, 1995). There
are a number of reasons for the substrate pH to be higher after a landslide,
all of which have to do with the loss of the surface soil layers. First, the
surface soil layers contain the most organic matter, which is almost always
acidic (Shiels, 2006; Shiels eta/., 2006). Second, the surface soil layers
also contain the greatest density of plant roots (Schmidt eta/., 2001;
Stokes etal., 2009), which commonly exude organic acids into the soil
(Schlesinger, 1991). And finally, the pH commonly decreases with soil
depth because of the slightly acidic nature of rainfall and the less frequent
percolation to the deeper soil depths relative to surface soils (Keller,
1996). Water is the primary medium by which chemical reactions occur
in the soil. Elements and compounds are transported through soil by
water, and the hydrogen and oxygen atoms can be exchanged, through
oxidation and reduction reactions, within the soil column (Schlesinger,
1991). With the absence of topsoil in the upper landslide zone (slip
face and upper chute), soil pH tends to be slightly higher than in the
more organically rich lower zone (deposition zone), and this pattern is
supported by evidence from landslides in Puerto Rico (pH in upper is
4.8 vs.lower is 4.7; Guariguata, 1990) and Alaska (pH in upper is 5.3
vs. lower is 5.1; Adams & Sidle, 1987). However, as a reminder of the
great surface heterogeneity possible both within and among landslides,
the soil pH on one landslide studied by Adams & Sidle (1987) did not
differ between the upper and lower zones.
Potassium and phosphorus are rock-derived nutrients that are critical
for plant growth and survival. Exposure of lower depths of soil coincidental with landslides (e.g., up to 60 em depth) can result in elevated
concentrations of potassium (Zarin & Johnson, 1995b) and phosphorus
(Guariguata, 1990) following landslides. Despite the overall increase in
these rock-derived nutrients, their availability for biotic uptake is dependent upon further breakdown from chemical weathering or by biota
(Walker & Syers, 1976). Therefore, plant-available forms of potassium
and phosphorus are often higher in habitats with intact surface soils (e.g.,
adjacent forests) relative to landslides (Guariguata, 1990; Dalling & Tanner, 1995) or in deposition zones relative to the upper portion of the
landslide (Adams & Sidle, 1987; Guariguata, 1990). Calcium and magnesium are also important cations that derive from rock or organic matter.
Landslides typically have a reduced cation exchange capacity, reflecting
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pronounced infertility, and many of the nutrient cations that are released
by subsequent weathering or by external deposition into a landslide are
often lost ifbiota are not present to absorb them (Pandey & Singh, 1985;
Zarin & Johnson, 1995a).
Soil nitrogen and phosphorus are often the most limiting nutrients for
plant growth, and both soil nitrogen and phosphorus limited seedling
growth on young landslides in Jamaica (Dalling & Tanner, 1995) and
Puerto Rico (Fetcher et al., 1996; Shiels et al., 2006). Because plantavailable soil nitrogen (i.e., nitrate and ammonium) is either derived
from atmospheric nitrogen, if nitrogen ftxing bacteria are present in
the soil, or from decomposition of organic matter, it should not be
surprising that landslide soils are largely low in available nitrogen. For
example, landslide soils in Jamaica had over four times less ammonium
than soils in the adjacent forest understory (Dalling & Tanner, 1995). In
relatively recent landslides in Puerto Rico, including those < 2 years old
and < 5 years old, soil nitrate concentrations were below detection levels
(i.e., < 1 ~ nitrogen g dry soil- 1 ; Shiels & Yang, unpublished data). Total
soil nitrogen, also expressed as organic nitrogen, is also greatly reduced
by landslides. In Himalayan India, the total nitrogen concentration of 6and 13-year-old landslides was approximately half that of the undisturbed
forest (Pandey & Singh, 1985). In Puerto Rico, Guariguata (1990) found
that total soil nitrogen was two times higher in the forest understory
adjacent to landslides than in the landslide deposition zone, and ftve times
higher in the forest than the upper landslide slip face. In Alaska, Adams
& Sidle (1987) also found that the deposition zone had approximately
twice as much total soil nitrogen as the chute for one landslide; the
other two landslides studied did not differ in total soil nitrogen content
between landslide zones despite very low concentrations « 0.5% by
dry weight). Although nitrogen ftxation has not been well studied in
landslides, nitrogen ftxing bacteria are found on many temperate and
tropical landslides (see Chapter 4), and Dalling (1994) found that nitrogen
ftxing lichen (Stereocaulon virga tum) were common on the upper portions
offour 15-year-old landslides inJamaica (see Fig. 4.3). Such examples of
nitrogen ftxation are important for nitrogen deprived landslide substrates.

3.4.2 Nutrient cycles and carbon flow

Organic matter is perhaps the most critical substrate that influences landslide soil conditions because it affects soil nutrient availability and cycling,
moisture content, pH, the presence and activity of microbes and other
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soil fauna, and successional development (Guariguata, 1990; Zarin &
Johnson, 1995a; Walker et al., 1996; Wilcke et al., 2003; Shiels, 2006).
Organic matter derives from dead organisms, and because dead tissue
includes proteins, organic matter is a common and crucial source of
nitrogen that benefits landslide colonists (Dalling & Tanner, 1995; Shiels
et al., 2006). The carbohydrates and proteins in organic matter are readily
sought by soil fauna where they are used for energy. Through decomposition, as well as additional chemical reactions in the soil (e.g., organic
acid exudates from plants), complex compounds are broken down into
more biologically usable states (Schlesinger, 1991).
Landslides are generally depauperate in organic matter (Walker et al.,
1996; Wilcke et al., 2003). For example, on 14 landslides in Tanzania that
were < 1 year old, organic carbon in surface soils (0-10 cm deep) was
< 0.5%, which was less than half the concentration of soil carbon sampled in adjacent undisturbed habitats (Lundgren, 1978). Similarly, in
India, the soil carbon in landslides aged 6 and 13 years was approximately
half that of the undisturbed forest (Pandey & Singh, 1985). Within a
given landslide, the deposition zone commonly has elevated organic
matter concentrations relative to the chute and slip face (Adams & Sidle,
1987; Guariguata, 1990). The landslide deposition zone typically has a
wide variety of organic matter substrates present, including soil organic
matter (i.e., < 2 mm organic particles), partially decomposed material
originating from the organic-horizon of previously up slope soils, coarse
woody debris (e.g., partially decomposed logs), and whole plants or trees
that may contain some living tissue even after being detached and transported into the deposition zone (Guariguata, 1990; Wilcke et al., 2003;
Sidle & Ochiai, 2006). The level of decomposition of such wide-ranging
types of organic substrates directly influences the amount of available soil
nutrients and subsequent biotic growth and activity (Shiels et al., 2006).
For example, because logs and other woody material have a higher carbon:nitrogen ratio relative to leaf blades or dead animals, the woody
material decomposes more slowly and therefore has less immediate effect
on increasing soil nutrient availability (Schlesinger, 1991). Most decomposition studies conducted on landslides have examined leaf degradation.
When pioneer plant species' decomposition rates were examined on fresh
landslide scars in Puerto Rico, Shiels (2006) found that tree fern leaves of
Cyathea arborea decomposed more quickly than those of the tree Cecropia
schreberiana, and therefore had different effects on soil nutrients (Shiels
et al., 2006). The importance of soil fauna to decomposition rates on
two recent landslides in Taiwan was demonstrated by Hou et al. (2005)
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Fig. 3.8. A schematic diagram of processes affecting hill slope thickness and soil
development. Down slope soil erosion is driven by physical weathering of bedrock
and mixing of organic inputs; as a result, soil is transported down slope. From Yoo
et al. (2006) with permission from Elsevier.

by using mixed species of leaf litter; decomposition rates were reduced
when soil fauna was removed.
Because organic matter and carbon are well integrated with nutrient
cycling, several studies have described various aspects of carbon dynamics on landslides. In addition to the large gradient of carbon from the
top (slip face) to the bottom (deposition zone) of a landslide, the movement of carbon in and out of landslides is also important. Post-landslide
carbon inputs to landslides originate from adjacent habitats beyond the
landslide edge (e.g., via litterfall or sloughing), as well as from litterfall
from new plant colonists or remnant patches of vegetation that were
resistant to landsliding. Soil thickness is considered a critical control
over soil carbon storage; slope thickness is influenced by the balance
between soil production and erosion. Soil production occurs through a
combination of physical (e.g., decomposition of bedrock) and biological (e.g., gross primary production minus respiration and decomposition) processes while erosion is controlled largely by slope, including
topographical context and whether the slopes are convex or concave
(Fig. 3.8; Yoo et ai., 2006). On very young landslides, carbon losses can
be substantial. For example, on 8-13-month-old landslides in Puerto
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Fig. 3.9. Carbon fluxes of surface soils (0-10 cm depth) and litter from 30
landslides in Puerto Rico with two contrasting soil types (8 volcaniclastic and
12 dioritic). Landslides were:::: 13 months old. The proportions of total carbon
within each soil type are based on means (g C m- 2 ) of biweekly measurements over
a 6-month period. From Walker & Shiels (2008) with permission from Springer.

Rico, Walker & Shiels (2008) quantified carbon standing stocks, inputs,
and outputs. While post-landslide litter inputs were substantial, and were
two to three times higher than litter outputs, much more carbon was
found in landslide soils than in plant biomass. The losses of soil carbon
down slope represented the largest carbon fluxes (600/0-80% in flux) in the
landslide ecosystem at 60/0-24% (depending on soil type) of the standing
stock carbon within the first year of a landslide (Walker & Shiels, 2008;
Fig. 3.9). The rapid turnover of carbon is indicative of highly unstable
substrates; such post-landslide erosion (see Section 3.3.2) will directly
affect soil development and nutrient cycling. The short-term carbon
dynamics were combined with longer-term carbon movements from
chronosequence studies, which suggested that Puerto Rican landslides
represent net down slope movements of carbon despite the various carbon
inputs from outside landslides (Walker & Shiels, 2008; Fig. 3.10) . Over
longer periods, carbon pools generally increase on landslides in parallel
with increasing soil thickness. One model suggested that rates of increase
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Fig. 3.10. A model of how erosion from a landslide involving 1 ha ofland moves

carbon down slope in northeastern Puerto Rico. Note that during 150 years of
post-landslide succession, the total amount of carbon in a typical 30-1000 m long
landslide (bold values in kg ha-1 C) drops following a landslide then slowly
recovers, first in the lower above-ground (plant) carbon and then gradually in
soils < 1 m deep. Little change occurs in soils> 1 m deep (the bottom numbers in
each column; all values in kg ha- 1 C). The three columns represent the slip face,
chute, and deposition zone from left to right. From Walker & Shiels (2008) with
permission from Springer.

can be rapid for the first 500-1000 years, then decline but continue to
increase for many centuries (Yoo et aI., 2006). These findings support
others that have demonstrated that landslides can affect regional carbon
cycles (Restrepo et aI., 2003). Landslide-derived, fossilized carbon can be
sequestered in ocean sediments when coastal mountains erode quickly
and oxidation is minimal (Hilton et ai., 2011).
The quantities of nutrients (e.g., nitrogen, phosphorus, potassium,
calcium) in runoff from landslides are greater than the losses from undisturbed habitats adjacent to the landslide (Larsen et ai., 1999). Nutrient
losses tend to be highest on young landslides and decrease with landslide age such as found across a Himalayan chronosequence of 6, 13, 21,
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and 40 year old landslides (Pandey & Singh, 1985). Such losses in landslide nutrients from post-landslide erosion decreased with an increase in
herbaceous and shrub biomass (Pandey & Singh, 1985). The reduction in
nutrient loss with increased vegetation cover is likely due to the physical
presence of vegetation that limits runoff, as well as to nutrient uptake by
plants.
Precipitation, solar radiation, and atmospheric chemistry are additional
abiotic factors that can affect soil nutrient cycles on landslides. Landslides
experience more intense precipitation and solar radiation at the ground
surface than do adjacent undisturbed habitats (Walker, 1994; Myster &
Schaefer, 2003; Shiels et al., 2006), and these two factors magnify the
soil wetting and drying cycle and enhance substrate breakdown. With
the majority of organic matter removed and transported down slope by
the landslide, precipitation becomes an important mechanism of nutrient
input and soil chemistry changes following landslides. Pandey & Singh
(1985) determined that nutrient inputs in rainfall near landslide scars in
the Himalayas were 6.0, 1.0, 8.4, 12.0, and 7.5 kg ha- 1 year- 1 for nitrogen, phosphorus, potassium, calcium, and organic carbon, respectively.
Atmospheric inputs can also be significant sources of nutrients into landslides characterized by infertile soils. For example, atmospheric inputs of
nitrogen, phosphorus, calcium, and magnesium that are derived primarily from sea salt can range from 0.3 to 15 kg ha- 1 year- 1 in the Luquillo
Mountains (McDowell et al., 1990; McDowell & Asbury, 1994), which
adds yet another source of potential soil nutrient variability within local
landslides.

3.4.3 Soil development

One of the long-standing mysteries in landslide ecology is a decisive
answer to the time it takes for landslide soil and plant properties to
resemble conditions of a pre-landslide state. The exact conditions of
the pre-landslide state will not likely be realized because of the complex
physical changes to the soil which concomitantly alter biotic patterns and
processes following a landslide (Fig. 3.8). Because long-term sampling
(at least decades, and probably centuries) is needed, detailed estimates of
the recovery times of the many attributes embedded within landslides
remain elusive. Chronosequence studies have been used in attempts to
establish the time required for soil carbon and nutrients to return to
pre-landslide conditions. On Puerto Rican landslides, total soil nitrogen,
phosphorus, potassium, and magnesium can return to levels of the moist
tropical forest within 55 years (Zarin & Johnson, 1995b). In temperate
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moist oak forests in India, total soil phosphorus recovered to pre-landslide
conditions within 40-60 years, and carbon recovered within 35-40 years
(Pandey & Singh, 1985; Reddy & Singh, 1993). However, total soil
nitrogen varied widely between sites and studies for the temperate moist
oak forest, with estimates of 40 (Pandey & Singh, 1985) to 120 years
(Reddy & Singh, 1993) to recover to pre-landslide levels. In contrast,
landslides in temperate pine forest in central India took the least amount
of time (about 25 years) for soil carbon and phosphorus to recover to
nearby forest levels; however, estimates for soil nitrogen recovery were
> 25 years (Reddy & Singh, 1993). Many factors can influence soil
development and plant recovery on landslides, making estimates largely
site specific.

3.5 Conclusions
Landslides have an important role in shaping Earth's landscapes. These
mass movements on sloped terrain have been a dominant force in creating
terrestrial and submarine valleys. Landslides occur as a result of driving
forces exceeding resisting forces on a given slope's slip plane. All rock and
soil types are potentially vulnerable to landslides. Many factors affect the
balance between the driving forces and resisting forces on a slip plane,
including soil properties that affect water movement and storage on a
slope. These factors also affect the depth to which a landslide scours a
slope; on young substrates such as those in the Hawaiian islands, terrestrial
landslides rarely exceed 50 em depth, yet others like submarine landslides
can scour tens of meters deep and extend tens of kilometers in length.
Slopes that are > 75 0 can be too steep for substantial soil formation
and landslide occurrence. Landslides can be triggered by heavy rains,
earthquakes, volcanic eruptions, and human alterations to sloped terrain.
Earthquakes usually result in the largest landslides, while rain-triggered
landslides tend to be smaller and more frequent. Road-building is a
common cause of landslides, either from ground vibrations or, more
commonly, through the reduction of resisting forces by the contouring
of slopes. Driving forces on a slope are often increased by humans due
to construction or by increasing seepage and concentrating runoff onto
slopes. The weight of water on a slope can be formidable, mainly due to
the great capacity of soils to hold water. With a rising water table, the
potential for landslides greatly increases.
Landslides are gaps or scars on the landscape that are represented by
a substrate that has not previously been exposed because of its past protection by upper soil layers. There is pronounced heterogeneity in soil
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physical and chemical conditions following a landslide. Patches of organic
matter are often absent in most areas of a new landslide except in the
deposition zone. With time, inputs of organic matter from litterfall and
sloughing of soils from beyond the landslide edge are important sources
of nutrients for the largely infertile landslide substrate. Additional nutrient inputs from atmospheric deposition and rainfall are also important for
alterations to soil chemistry and soil development. The impacts of landslides are not restricted to the landslide scar; rock, sediment, and woody
material pass through watersheds and block streams, and an abundance
of post-landslide erosion affects soil development and new colonists to
landslides as well as ecosystems down slope from the landslide. Much
still remains to be learned about the interactive mechanisms that trigger landslides. There is also too little known about how post-landslide
soil conditions regulate soil development and re-colonization of landslide surfaces by plants and animals. The next two chapters address these
biological consequences of landslides.

